The thymus provides a specialised microenvironment for the development of T-cell precursors. This developmental programme depends upon interactions with stromal cells such as thymic epithelial cells, which provide signals for proliferation, survival and differentiation. In turn, it has been proposed that development of thymic epithelial cells themselves is regulated by signals produced by developing thymocytes. Evidence in support of this symbiotic relationship, termed thymic crosstalk, comes from studies analysing the thymus of adult mice harbouring blocks at specific stages of thymocyte development, where it is difficult to separate mechanisms regulating the initial development of thymic epithelial cells from those regulating their maintenance. To distinguish between these processes, we have analysed the initial developmental programme of thymic epithelial cells within the embryonic thymus, in either the presence or absence of normal Tcell development. We show that keratin 5 C 8 C precursor epithelial cells present in the early thymic rudiment differentiate into discrete cortical and medullary epithelial subsets displaying normal gene expression profiles, and acquire functional competence, independently of signals from T-cell precursors. Thus, our findings redefine current models of thymus development and argue against a role for thymocyteepithelial cell crosstalk in the development of thymic epithelial progenitors. q
Introduction
Initiation of thymus development is thought to occur at around E9.5 through epithelial-mesenchymal interactions in the region of the third pharyngeal pouch, with the first identifiable morphological signs of thymus development becoming apparent by E10.5 (Manley, 2000) . At around E12 of gestation the thymic epithelial rudiment, which is made up predominantly of Keratin (K)5 C 8 C Mts24 C cells (Bennet et al, 2002; Gill et al, 2002) , is then colonised by lymphoid precursor cells (Jotereau et al., 1987) , and thymic epithelial progenitors undergo a poorly defined differentiation programme resulting in the establishment of mature cortical and medullary epithelial subsets. Studies in nude mice have shown that the initial phases of thymus development occur independently of interactions with cells of a haematopoietic origin (Nehls et al, 1996) . In contrast, a number of studies have suggested that lymphostromal interactions within the thymus not only result in the normal development of T-cells, but also to control the development of the thymic microenvironment. This influence of thymic epithelial development by thymocytes has been termed thymic crosstalk (van Ewijk et al, 1994) . Thus, initial experiments showed abnormal thymic medullary epithelial cell organisation in SCID mice, which could be corrected by the introduction of wildtype bone marrow (Shores et al, 1991) . Moreover, medullary organisation was shown to be abnormal in TCRa K/K mice, which suggested that development of medullary thymic epithelial cells was regulated by abTCR C thymocytes (Palmer et al, 1993) . Such studies led to the hypothesis that a bi-directional relationship exists between T-cell and thymic epithelial development, with such lympho-stromal interactions (van Ewijk et al., 2000) .
Although these studies demonstrate a link between T-cell development and normal thymic architecture, how T-cell precursors influence thymic stromal cells is not clear. Maturation of thymic epithelial cells involves a number of steps, including the maturation of epithelial progenitors into cortical and medullary subsets, and then organisation into cortical and medullary areas which are subsequently maintained in the steady-state thymus to support T-cell development (Anderson and Jenkinson, 2001) . When analysing these events, and the potential importance of normal T-cell precursors, it is important to note that crosstalk studies often involve analysis of the adult thymus, and so it is difficult to distinguish mechanisms regulating the differentiation and establishment of the thymic microenvironment from those required for the maintenance. To directly address this issue, we have studied development of the embryonic thymus of mice where T-cell development is blocked at the earliest stage. By analysing a range of parameters of thymic epithelial cell development, we show that K5 C 8 C thymic epithelial progenitors undergo a normal programme of differentiation into functionally mature cortical and medullary epithelial subsets in the absence of developing T-cell precursors. Collectively, our findings show that establishment of mature thymic microenvironments does not depend upon interactions between epithelial progenitors and immature thymocytes, and so rules out an essential role for thymocyte-derived signals in the development of thymic epithelial cells.
Results

K5
C 8 C Thymic epithelial progenitors undergo a normal programme of differentiation in the absence of developing thymocytes Crosstalk within the thymus between developing thymocytes and the thymic microenvironment has been shown to be required not only for the regulation of T cell development, but also for the organisation and maintenance of mature thymic epithelial microenvironments of cortex and medulla (Shores et al, 1991; van Ewijk et al., 2000) . However, it remains unclear whether such reciprocal signalling mechanisms between thymocytes and thymic epithelium are required for the initial establishment of differentiated cortex and medulla in the early phases of embryonic thymus development. In order to address this issue, we analysed thymic epithelial development at defined stages of embryogenesis in wildtype mice and CD33tg26 mice, the latter providing a model in which T-cell development is blocked at the earliest CD4
C stage (Hollander et al., 1995 (Gill et al, 2002; Bennett et al, 2002; Klug et al., 2002) . Analysis of thymic epithelial differentiation was performed by immunofluorescence labelling of both intact tissue sections and cytospins prepared from disaggregated thymus lobes, the latter allowing quantitative analysis of epithelial subsets.
Thymic epithelium from both WT and CD33tg26 mice at E12 of gestation was found to contain a dominant population of K5 C 8 C cells (Fig. 1e ), representing previously described epithelial precursors which can give rise to both cortical and medullary epithelial cells (Bennett et al, 2002; Gill et al, 2002) . Investigation of keratin expression at a later stage (E15) of development in WT mice (Fig. 1a) showed the emergence of distinct dominant populations of both K5
K 8 C cortical and K5 C 8 K medullary epithelium (60 and 27% by cytospin analysis, respectively), with K5 K medullary epithelium (64 and 29% by cytospin analysis, respectively) were also observed in the CD33tg26 embryonic thymus at E15 of gestation (Fig. 1b) , with quantitative analysis as shown in Fig. 1e revealing just 6% of cells bearing an immature K5 C 8 C phenotype. This contrasts with analysis of the adult CD3etg26 thymus, where epithelial cells are predominantly K5 C 8 C (not shown). Moreover, E15 thymus lobes from WT and CD33tg26 mice cultured for 5 days in 2-deoxyguanosine to remove lymphoid cells were found to contain populations of both K5 C 8 K and K5 K 8 C cells (Fig. 1c, d ). In addition to the use of keratin expression to analyse epithelial cell differentiation in the absence of normal thymocyte development, we next analysed genes that have been reported to be expressed within differentiated epithelial subsets. We used semi-quantitative RT-PCR to analyse expression of aire and plunc, genes shown to be expressed by subsets of medullary epithelial cells (Heino et al, 1999; LeClair et al, 2001) , and gklf, a transcription factor shown to be expressed by cortical epithelium (Panigada et al., 1999) . Fig. 2 shows that similar levels of aire, plunc, and gklf are expressed in thymic epithelial cells from both WT and CD33tg26 2-dGuo treated embryonic thymuses. Collectively, these findings suggest that the initial differentiation of K5 C 8 C epithelial precursors present in the E12 thymus into K5 C 8 K and K5 K 8 C subsets, along with the expression of genes associated with cortical and medullary epithelial subsets, occurs independently of developing T-cell precursors. Taken together with our previous observations that proliferation of immature thymic epithelial cells occurs in the absence of normal T-cell precursors and is regulated by thymic mesenchyme (Jenkinson et al, 2003) , these findings suggest that thymocyte-epithelial cell crosstalk is not the mechanism regulating differentiation and expansion during the development of fetal thymic epithelium.
Epithelial cells generated in the absence of thymocyte signals are functionally mature
To determine whether the normal programme of phenotype and genotypic differentiation observed in thymic epithelial cells in the absence of thymocyte-derived signals correlated with the acquisition of functionality, we studied the ability of thymic epithelial cells from CD33tg26 mice to support the development of WT T-cell precursors. Thus, thymic epithelial cells obtained from 2-dGuo treated WT and CD33tg26 thymus lobes were reaggregated with 1!10 5 CD4 K 8 K thymocytes obtained from WT E15 thymuses. After 7 days, cultures were harvested and analysed for thymocyte development. Fig. 3 shows that, in the presence of epithelial cells from both WT and CD33tg26 thymuses, and in agreement with an earlier study (Tokoro et al, 1998) 
Discussion
Normal development of thymic epithelial cells is an essential pre-requisite for the development of immature T-cell precursors, and the generation of functionally competent T-cells (Anderson and Jenkinson, 2001 ). The colonisation of the thymus anlagen at approximately E11-12 and subsequent development of T cells within the thymus corresponds with an accompanying decrease in the proportion of immature K5 C 8 C thymic epithelial precursors, and a corresponding increase in the presence of differentiated K5 K 8 C cortical and K5 C 8 K medullary thymic epithelium (Gill et al, 2002; Bennett et al, 2002) . Such a temporal coincidence of T-cell and thymic epithelial development raises the possibility that interactions between these two distinct cellular compartments may induce the initial differentiation and regulate further development of thymic epithelium. Reciprocal signalling between developing thymocytes and thymic epithelium, termed thymus crosstalk, has been proposed to provide a mechanism regulating the step-wise development of both T cells and thymic epithelium (van Ewijk et al., 2000) . Here, we show that thymic epithelial cells present in the early fetal thymus undergo a programme of phenotypic and genotypic differentiation, and the acquisition of functional competence in the absence of developing T-cell precursors. Thus, thymocyte-derived signals are not required for initial maturation of thymic epithelial cells. In agreement with our findings on phenotypic development, evidence of phenotypic differentiation of thymic epithelial cells was observed in the thymuses of Rag2 K/K !gc K/K and Ikaros K/K mice, which lack normal T-cell precursors (Klug et al., 2002) . Here, we extend these observations to show that thymic epithelial cells acquire genotypic profiles of mature cortical and medullary epithelial cells, and gain functional competence in the absence of developing thymocytes, arguing against a role for thymocyte-derived signals during the development of thymic epithelium. In addition to the data presented here, we have previously shown that proliferation of fetal thymic epithelial cells is not dependent upon a normal programme of T-cell development, but is instead regulated by thymic mesenchyme (Jenkinson et al, 2003) . Collectively, these findings suggest that the initial differentiation of thymic epithelial cells, and the subsequent proliferation leading to the formation of thymic epithelial microenvironments, are not dependent on thymocyte-derived signals. While our findings rule out an essential role for signals provided by thymocytes in the development of thymic epithelium, such signals may be required for the maintenance of thymic epithelial microenvironments after their establishment. Indeed, the thymus of CD33tg26 mice has been shown to consist predominantly of K5 C 8 C epithelial cells (Klug et al, 1998) . However, it is important to note that it is not clear whether these cells represent immature epithelial progenitors that are blocked in development. An alternative possibility for their presence is that, in the prolonged absence of developing thymocytes, the K5 C 8 K and K5 K 8 C epithelial subsets which we show here are present in the CD33tg26 embryonic thymus undergo de-differentiation involving alterations in keratin gene expression leading to the appearance of K5 C 8 C epithelium. While, this latter hypothesis fits will with the requirement for thymocyte-derived signals in the maintenance of thymic epithelial cells, further studies are required to define the precise developmental requirements of thymic epithelium which are involved in the generation and maintenance of mature thymic microenvironments.
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Experimental procedures
Animals
CD33tg26 mice (Hollander et al., 1995) were obtained from The Jackson Laboratories. All mice used in these studies were bred and maintained in the Biomedical Services Unit of Birmingham University. For the generation of times matings, the detection of a vaginal plug was designated day 0.
Antibodies
Polyclonal rabbit anti-keratin 5 was obtained from Covance, while mouse anti-keratin 8 (clone LE41) was a kind gift of Prof B. Lane (University of Dundee, Scotland). Secondary antibodies were goat anti-rabbit 350 (Molecular Probes) and donkey anti-mouse Rhodamine (Chemicon). Antibodies used for flow cytometry were anti-CD4 PE (clone GK1.5) and anti-CD8 FITC (clone 53-6.7) both from eBioscience.
Quantitation of thymic epithelial differentiation by cytospin analysis
Thymus lobes at defined stages of development were disaggregated using 0.25% trypsin, as described (Jenkinson et al, 2003) to produce a single cell suspension, and thymic epithelium was enriched for by depletion of thymocytes using anti-CD45 coated Dynabeads. Remaining thymic stromal cells were then resuspended at a concentration of 2!10 5 cells per ml in PBS with 20% FCS. 200 ml of the cell suspension (50,000 cells total) per sample were placed in cytospin apparatus and spun for 5 min at 400 rpm onto Vectabond (Vector Laboratories)-coated multispot slides (C.A. Hendley-Essex, Loughton, Essex). Slides were subsequently air-dried for 30 min at room temperature before slides were fixed in methanol for 30 min at 4 8C. For immunolabelleling, slides were washed in PBS with 0.5% Tween 20 (Sigma) at room temperature for 5 min, and incubated sequentially in rabbit anti-keratin 5 and mouse anti-keratin 8 antibodies, followed by goat anti-rabbit 350 and donkey anti-mouse Rhodamine, with intervening washes in PBS/1% FCS/0.5% Tween-20. Cytospins were then mounted in Anti-Fade containing 50% glycerol in PBS (Molecular Probes) under coverslips. Quantification of keratin 5 and keratin 8 expression within fetal thymic epithelium was performed by fluorescence microscope analysis of samples using a Zeiss Axioplan microscope with Digital Science camera and software. For each sample, 100 keratin 5 and/or keratin 8 positive epithelial cells were analysed for expression of keratin 5 and keratin 8 at random. Expression patterns of keratin 5 and keratin 8 were calculated as a percentage of the total keratin positive epithelial population detected.
Immunohistochemistry
Thymus tissue was mounted onto cryostat chucks by submersion into OCT compound and then frozen by immersion in liquid nitrogen. Sections were cut at 5-7 mm, and air dried briefly before fixation in ice cold acetone. Slides were then stored at K20 8C before antibody labelling.
Detection of keratin 5 and keratin 8 on frozen tissue sections was performed exactly as for labelling of cytospin slides.
Semi-quantitative RT-PCR analysis
Isolation of RNA, cDNA synthesis and semiquantitative RT-PCR analysis was performed exactly as described (Moore et al., 1993) . In all cases equal loadins of cDNAs was monitored by analysing expression of b-actin. The sequences of the PCR primers used are as follows:
b-actin To produce alymphoid thymus lobes as a source of thymic epithelial cells for RT-PCR analysis, immunohistochemistry and functional studies, E15 thymus lobes were dissected from WT and CD3etg26 embryos, and cultured for 5-7 days on the surface of 0.8 um Nuclepore filters in the presence of 1.35 mM 2-deoxyguanosine, as described (Jenkinson et al, 2003) . For the formation of reaggregate cultures, 2-dGuo treated lobes were disaggregated by incubation in 0.02% EDTA, 0.25% trypsin to form a cell suspension. Aliquots of 5!10 5 stromal cells were mixed with 1!10 5 CD4 K 8 K thymocytes obtained from WT E15 thymus lobes. Such mixtures were then organ cultured for 7 days, and then analysed by flow cytometry.
